ABSTRACT: Both insect and vertebrate visual circuits are organized into orderly arrays of columnar and layered synaptic units that correspond to the array of photoreceptors in the eye. Recent genetic studies in Drosophila have yielded insights into the molecular and cellular mechanisms that pattern the layers and columns and establish specific connections within the synaptic units.
INTRODUCTION
The fly visual system is composed of the compound eye and four optic ganglia, viz. the lamina, the medulla, the lobula, and the lobula plate [ Fig. 1(A) , Meinertzhagen and Hanson (1993) ]. The visual world is perceived by the eye as patterns of activation of photoreceptor neurons in the *800 unit eyes or ommatidia, which are organized in a crystalline array. Each ommatidium has eight photoreceptor neurons or retinula (R) cells, divided into three classes based on their relative position and opsin gene expression. The six \outer" photoreceptors (R1-R6) express the Rh1-opsin, respond to a broad spectrum of light, and are thought to be functionally analogous to vertebrate rod cells in that they together represent an achromatic channel and are responsive to low-intensity light. The two \inner" photoreceptors R7 and R8 respond to a more restricted range of wavelengths, mediate chromatic discrimination, and are thus thought to be analogous to vertebrate cone cells. They can be further subdivided based on their opsin gene expression pattern-R7 photoreceptors express either the Rh3 or Rh4 opsin, which are both maximally responsive to ultraviolet light; R8 photoreceptors in contrast express either the Rh5 or Rh6 opsin, which are maximally sensitive to blue or green light, respectively. From a functional point of view, the first level of connectivity is chiefly concerned with directing the outputs of photoreceptors of different spectral sensitivities to appropriate target neurons in the lamina and medulla while preserving their retinal spatial relationships, a process called retinotopy.
R cell axons from a single ommatidium are initially bundled into a single fascicle and project in a retinotopic fashion toward the first optic ganglion, the lamina. R1-R6 axons terminate in the lamina, defasciculate, and make stereotyped projections to connect with specific lamina neurons organized in cylindrical units called cartridges (Trujillo-Cenoz, 1965; Braitenburg, 1967) . R7/R8 axons, in contrast, project together through the lamina and terminate in the second optic ganglion, the medulla. The medulla neuropil is organized into layers and columns. Each medulla column receives direct input from one R7/R8 pair and indirect input (via the lamina neurons) from the R1-R6 cells that \see" the same point in space. The medulla column thus represents the basic functional unit of the fly visual system. R7, R8, and the lamina neuron axons terminate in different layers, suggesting that layers are differentially responsive to visual stimuli, a notion further supported by an activity-labeling study (Bausenwein and Fischbach, 1992) . Neuroscientists, since Cajal, have noted the striking similarities between the overall organization and morphology of the fly peripheral visual system and the vertebrate retina and drawn analogies between the fly lamina/medulla and the vertebrate inner/outer plexiform layers in particular (Cajal and Sanchez, 1915; Mienertzhagen, 1993) .
Visual information carried by R7, R8, and lamina neurons is processed by some 50 types of medulla neurons (Fischbach and Dietrich, 1989) . Recent EM and fluorescence microscopy studies have begun to establish the synaptic circuitry of the medulla (Gao et al., 2008; Morante and Desplan, 2008; Takemura and Meinertzhagen, 2008) . There are thought to be 30 co- Figure 1 Synaptic circuitry of the adult fly visual system. A: Schematic of feed-forward circuits from the eye to the brain. The visual system comprises the retina (compound eye) and four optic ganglia viz. the lamina, medulla, lobula, and lobula plate. The \outer" R cells R1-R6 (blue) project axons from the retina to the lamina where they connect with lamina neurons in lamina cartridges. The \inner" R cells R7 (yellow) and R8 (red) project through the lamina to terminate in the M6 and M3 layers of the medulla, respectively. The lamina neurons L1-L5 (green) terminate in layers M1-M5. There are thought to be *50 classes of medulla neurons, three of which are shown. Distal medulla amacrine cells (Dm neurons, orange) arborise extensively in specific distal medulla layers. Transmedullary (Tm) neurons (purple) connect specific layers of the medulla with specific layers of the lobula. TmY neurons (pink), in contrast, connect the medulla with the lobula and lobula plate. Visual projection neurons are thought to connect the lobula with \optic glomeruli" in the ventrolateral protocerebrum. One lobula columnar (LC), neuron is shown in brown. B: Motion and color circuits in the lamina and medulla. The motion pathways are mediated by the lamina neurons L1 and L2, which relay achromatic R1-R6 input to a set of medulla neurons (striped circles) distinct from the direct targets of R7 and R8. L1 and L2 are not only electrically coupled via gap junctions (double blue line) in the lamina, but are also interconnected indirectly through centrifugal neurons C2 and C3 in the medulla. In the color pathway, R7 and R8 provide chromatic inputs for the columnar neurons Tm5 and Tm9, respectively. These neurons also receive an indirect achromatic input via L3. The wide-field amacrine neuron Dm8 pools inputs from *16 R7s and relays these signals to transmedulla neurons. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] lumnar neuronal classes, which are present in most if not every column. The intrinsic types interconnect layers of the medulla column, while the transmedullar types connect, in a topographic fashion, specific medulla layers to the third and fourth optic ganglia-the lobula and lobula plate. Specific visual projection neurons are thought to transfer visual information from the lobula to optic glomeruli in the ventral protocerebrum and from the lobula plate to the ventral ganglion. These feed-forward visual circuits, outlined in Figure 1(A) , represent only the information transfer from eye to the brain while the feedback circuits are left out for clarity.
Because of the abundant genetic tools that have resulted from the past few decades of work on eye patterning, much of the work on fly visual circuit development has focused on the genes that control the projection patterns of R cell axons to the lamina and the medulla. Classical developmental analyses at the light and electron microscopic levels have revealed complex cellular interactions that occur sequentially to establish photoreceptor projection patterns. Large genetic screens based on either histology or visualdriven behaviors have provided molecular handles for dissecting these cellular events (Garrity et al., 1996; Newsome et al., 2000; Clandinin et al., 2001; Berger et al., 2008) . Mosaic techniques that allow the generation of single-cell mutant clones in R cell or target neurons have greatly facilitated the dissection of several key biochemical pathways involved in these processes. This work on the development of photoreceptor projections forms a framework to use to analyze development of the visual circuit.
In this review, we will focus on the development of synaptic connections between photoreceptors and their target neurons in the lamina and medulla. Broadly speaking, synaptic target selection by afferent axons can be thought to take place in three stages-navigation to the right target ganglion (in this case lamina vs. medulla), selection of the appropriate target region within the ganglion, and finally synapsing on the right target neurons within the region. We will dwell briefly on the first phase and describe the second and third stages in more detail, highlighting the insights into cellular and molecular mechanisms that have come from analyses of mutants that disrupt the patterns of specific connectivity seen in these ganglia. These analyses have revealed the importance of repulsive afferent-afferent and target dendro-dendritic interactions as well as permissive and instructive afferent-target interactions in shaping the patterns of innervation of afferent axons and target dendrites in the lamina and medulla.
SYNAPTIC TARGET SELECTION IN THE LAMINA
Within each ommatidium, the R8 cell differentiates first and projects its axon through the lamina to the medulla. The R1-R6 cells are next to differentiate, and their axons bundle together and extend along the R8 axon but terminate in the lamina plexus between rows of glia. The R7 cells are the last to differentiate, and their axons, like those of R8, project through the lamina to the medulla to terminate in a different medulla layer from the R8 axons. The termination of the R1-R6 cells in the lamina has been shown to be unrelated to the timing of axonal outgrowth from the retina, but instead to result from interactions between afferent axons and lamina glia which provide an asyet unidentified stop signal (Poeck et al., 2001; Suh et al., 2002; Chotard et al., 2005) .
Lamina development is directly coupled to the innervation of retinal axons. The arriving R1-R6 axons secrete hedgehog protein and the EGF ligand spitz, which induce neurogenesis and differentiation in the lamina ensuring that precisely the correct complement of lamina neurons, is generated per ommatidium Kunes, 1996, 1998; . Differentiated lamina neurons correctly associate with the R1-R6 axons to form cartridges via two matching nephrin/NEPH1 family cell-adhesion receptors: Hibris is expressed on the lamina neurons and Roughest on retinal axons , Sugie et al., 2010 . Thus, afferent-derived signals ensure that there are matching numbers of lamina cartridges and ommatidia that each cartridge has the right number and kinds of target neurons and that the appropriate adhesion receptor is expressed in the lamina neurons to match retinal afferents'. But how do afferent axons select retinotopically appropriate cartridges?
Neural Superposition
As a consequence of the curvature of the eye and the angular position of photoreceptors within an ommatidium, R1-R6 cells from six different ommatidia arranged in a specific relative position \see" the same point in visual space (i.e., an R1 cell from one ommatidium and R2 from the next one) and therefore have to project to the same lamina cartridge, one that is different from the R1-R6 bundle's \ommatidial" cartridge. This phenomenon is termed neural superposition [ Fig. 2(A) ]. How is this achieved? Elegant work (Clandinin and Zipursky, 2000) , involving genetic ablations of R cells and transformation of the orientations of R cells within the ommatidium, highlighted Figure 2 Sequential development of specific connectivity in the lamina and medulla. A: Neural superposition and tetrad synapse assembly in the lamina. The panels from the third instar larval stage through to 50 h after puparium formation (APF) depict R1-R6 axon extension to the lamina and targeting to spatially appropriate targets, whereas the panels from 50 to 70 h APF are expanded views of a single R cell axon terminal, highlighting the process of synaptogenesis. From the third instar larval stage to about 30 h APF, R cell axons from the retina extend toward the lamina. R1-R6 cell axons (blue) terminate at the lamina plexus. By this stage, R8 axons (red) have extended beyond the lamina to terminate in the medulla. At around 40 h APF, R1-R6 growth cones defasciculate and extend in a stereotypic pattern toward their targets. At this stage, R7 (yellow) and lamina neuron (green) axons have followed R8 axons to terminate in the medulla. At about 50 h APF, R1-R6 growth cones elongate to form mature terminals and lamina neuron neurites start to grow out along the R cell surface toward nascent presynaptic sites. Right, an expanded view of a single Rcell axon terminal, where L1 (dark green) and L2 (pale green) neurites randomly explore the surface of the terminal (blue) to contact nascent presynaptic sites (pale yellow), forming numerous L1/L1 and L2/L2 pairs. Between 50 and 70 h APF, L1/L1 and L2/L2 partnerships are excluded from the same presynaptic site. Neurites denied postsynaptic access retract, resulting in the invariant alternation of L1 and L2 neurites along the length of the R cell terminal. By about 70 h APF, each nascent presynaptic site accumulates two other postsynaptic elements and matures to form a stable tetrad synapse (bright yellow). B: Layer specific targeting of afferent axons in the medulla. The R8 (red), R7 (yellow) photoreceptor, and L1-L5 lamina neurons (LNs, green) axons project to specific layers in the medulla in two distinct stages. Left, between the third instar larval stage and 30 h APF, the R8, R7, and lamina neurons project sequentially to distinct medulla layers. R8 differentiates first and extends its axon past the lamina to terminate in the superficial medulla (R8 temporary layer). The later differentiating R7 axons fasciculate with the pioneer R8 axons but terminate in a deeper layer in the medulla (R7 temporary layer) just below the R8 temporary layer. The lamina neurons differentiate last, and their axons terminate between the R8 and R7 temporary layers increasing the separation between them. Middle, at around 50 h APF, the R8 and R7 growth cones regain motility and project to their final recipient layers (M3 and M6, respectively). Right, between 70 h APF and eclosion, the terminals of R8, R7, and L1-L5 lamina neurons are restricted to their characteristic adult-specific medulla layers, as indicated. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] the importance of afferent-afferent interactions between R cells and ommatidial orientation in pattern generation.
Insights into the potential molecular mechanisms mediating the interactions among R1-R6 growth cones came from a forward genetic screen based on R1-R6-dependent optomotor behavior Lee et al., 2001 ). This genetic screen for motion blind mutants identified the protocadherin Flamingo (Fmi) as important for elaboration of the specific R1-R6 pattern (Lee et al., 2003) . R1-R6 axons mutant for Flamingo form lamina cartridges containing variable number of terminals (3-15) (Lee et al., 2003) . Flamingo function appears to be required at the stage when individual axons separate out from ommatidial bundle to target the appropriate cartridge. Clonal analysis has shown that its function is required in R cell axons to influence neighboring R cell afferents, likely through repulsive homophilic interactions (Chen and Clandinin, 2008) .
The same behavioral screen also identified mutations in the homophilic adhesive receptor N-cadherin (CadN), the receptor tyrosine phosphatase LAR, and its cytoplasmic partner Liprin-a. The identification of these molecules and their functional studies highlight the importance of the interactions between R1-R6 growth cones and their target lamina neurons. CadN mutant R1-R6 photoreceptors do not segregate from the ommatidial bundle to innervate lamina cartridges . CadN is broadly expressed on both afferents and targets. Clonal analyses further revealed that CadN is required in both afferent axons and target lamina neurons , and so it is thought to act as a permissive agent-mediating afferent-target interactions. The phosphatase LAR and the scaffolding protein Liprin-a share a similar mutant phenotype with CadN but are required only in the photoreceptor afferents Choe et al., 2006) . Genetic and biochemical studies further suggest that LAR interacts with CadN to mediate this afferent-target interaction process (Prakash et al., 2009) . Thus, permissive afferent-target and repulsive afferent-afferent interactions are important in choice of spatially appropriate cartridge, but what governs formation of specific synapses within a cartridge?
Synaptic Connections in the Lamina Cartridge
The synaptic circuit in the lamina has been determined by serial EM reconstruction in toto and the majority of pre-and postsynaptic elements from over 10 different neural types have been identified (Meinertzhagen and O'Neil, 1991) . However, functional and developmental studies have not yet fully explored these complex connections, and previous studies have instead focused on the tetrad synapses (Hiesinger et al., 2006; Rister et al., 2007; Katsov and Clandinin 2008; Joesch et al., 2010) . Every R1-R6 terminal establishes *50 presynaptic sites with four different postsynaptic elements, which include an invariant pair of L1 and L2 and two variable elements out of the lamina neuron L3, amacrine cells, and/or glia. Analysis of a large collection of novel and known mis-sorting mutants that resulted in a variable number of R1-R6 axons (3-12) innervating in a given cartridge revealed that surprisingly, in all these mutants, photoreceptor axons formed a fixed number of synapses per R1-R6 terminal irrespective of cartridge composition, strongly suggesting that synapse frequency is presynaptically determined (Hiesinger et al., 2006) . How then, are L1 and L2 postsynaptic elements invariably part of every tetrad synapse?
Early EM work on the timing of lamina neuron dendritic outgrowth hinted at the possibility of interactions between dendrites regulating this process [Frohlich and Meinertzhagen, 1983;  Fig. 2(A) ]. Thus, at 50% pupal development dendrites of L1 and L2 were seen to extend to and mingle extensively over the photoreceptor terminal with numerous L1/L1 and L2/L2 pairs. By 70% pupal development, the L1 and L2 dendrites assumed an alternating sequence with selective regression of dendrites lacking the correct neighbor (Meinertzhagen et al., 2000) . Recent work suggests that the homophilic repulsive receptors Dscam1 and Dscam2 act redundantly to mediate this process of synaptic exclusion. Thus, in lamina cartridges doubly mutant for Dscam1 and Dscam2, L1 and L2 postsynaptic elements were found in essentially random combinations at tetrad synapses with many L1/L1 and L2/L2 pairs, a phenotype that was more severe than that observed for the Dscam1 or Dscam2 single mutant (Millard et al., 2010) .
SYNAPTIC TARGET SELECTION IN THE MEDULLA
The medulla neuropil is patterned into layers and columns: the afferents, including R7, R8, and lamina axons, innervate specific medulla layers, and their axonal terminals are restricted to their topographically appropriate columns (or axonal tiling). Layer-specific targeting segregates specific types of information to appropriate layers while axonal tilting preserves the spatial information from retina to the medulla target columns. In contrast to the lamina, the complexity of the medulla neuropil has meant that progress toward delineating circuitry of the medulla has been slower. Recent immunocytochemical and EM studies (Gao et al., 2008; Morante and Desplan, 2008; Takemura et al., 2008) have begun to unravel the pattern of specific connections in the distal medulla (layers M1-M6) and have led to the partial circuit outlined in Figure 1(B) .
A few organizational features have begun to emerge. First, most afferents form large presynaptic termini in one or two specific layers within which their postsynaptic partners elaborate dendritic arbors. However, synaptic contacts, in dyad or triad configurations, are often concentrated in but not strictly confined to specific medulla layers. For example, in R7s, over 70% of the presynaptic sites are located at their terminal boutons and stem, but, in R8s, the presynaptic sites are distributed along the axons in the medulla neuropil. Second, the motion pathway mediated by lamina neurons L1 and L2 is largely segregated from the color pathway, which is mediated by chromatic R7 and R8 as well as achromatic L3. Distinct sets of columnar neurons relay motion or color inputs to different layers in the lobula. Third, besides the aforementioned synaptic connections, which are largely confined to one or several medulla columns, wide-field neurons interconnect neighboring medulla columns. For example, the amacrine neuron Dm8 pools inputs from *16 R7s and relays these signals to transmedulla neurons.
How are such elaborate connections established in the medulla? Studies in the past decade suggest that the medulla circuits are assembled in sequential and discernable stages. The medulla neuropil is dynamically patterned into layers and columns, and, at each stage, afferents are guided to specific medulla layers and restricted to their topographically appropriate columns. Developmental analysis of R cell projections into the medulla supports the view that layerspecific projections proceed in distinct stages during which afferent axons respond to specific cues in target layers [ Fig. 2(B) ; Ting et al., 2005] . In late, thirdinstar larvae and early pupae R8 and R7 axons target sequentially to temporary layers of medulla followed by the lamina neurons L1-L5, which intercalate between the R8 and R7 temporary layers. At the midpupal stage, R8 and R7 axons begin extending out to their final recipient layers-R8 axons to the R7 temporary layer, which becomes M3, the final R8 recipient layer and R7 axons to layer M6, the final R7 recipient layer. Ablation studies suggest that interactions between classes of afferents are not important for layer-specific targeting, which is presumably mediated by afferent-target interactions. Thus, afferent growth cones terminate in specific layers at specific developmental stages, presumably by recognizing target-derived cues.
Step-by-step assembly could conceivably limit the number of potential synaptic partners the afferents encounter, thereby gradually reducing the complexity of synaptic pairing. In addition, it might reflect the development of afferents and targets induced by their interactions. Although the medulla is partially developed at the time of photoreceptor innervation, R-cell afferents provide Jelly-Belly-mediated anterograde signals to the medulla neurons (Bazigou et al., 2007) . Removing the ligand Jelly-Belly in the R-cells or its receptor Alk tyrosine kinase in the medulla resulted in disrupted expression of specific cell-adhesion molecules (such as Flamingo and Roughest/IrreC) in the medulla neurons and the subsequent mistargeting of R8 axons.
R8 Targeting
R8 axons are the first afferents to arrive at the developing optic lobe, and they establish a gross retinotopic map at least in part through a DWnt4-dependent mechanism during the larval stage . R8 axons terminate temporarily at a superficial layer of the medulla. Targeting to the temporary layer and forming a regular array of R8 growth cones requires two transmembrane receptors, Flamingo and Golden Goal (gogo), as well as the actin-cytoskeletal regulator Hu-li tai shao (Hts) (Lee et al., 2003; Senti et al., 2003; Tomasi et al., 2008; Ohler et al., 2011) . Gogo and Flamingo are dynamically expressed on both R8 and R7 axons; however, they are functionally required only in R8s at this stage. Phenotypic analyses suggest that they mediate repulsive axon-axon interactions among R8s as well as R8-target interactions at the temporary layer. Gogo physically interacts with Hu-li tai shao (Hts) and likely regulates the axonal cytoskeleton through Hts. Interestingly, overexpressing Gogo caused R8 axons to be stalled at the temporary layer, suggesting that downregulation of Gogo activity is required for R8s to migrate to their final target layer.
During the mid-pupal stage, the R8 growth cones regain motility and extend to their final target layer. This process depends on the instructive cues mediated by the leucine rich repeat protein Capricious (Shinza-Kameda et al., 2006) . Capricious is expressed on R8 axons and the R8-recipient layer but not on R7 axons or in the R7-recipient layer. Mutant R8 axons lacking Capricious mistargeted to the R7 recipient layer and crossed over into neighboring columns. Conversely, ectopic expression of Capricious in R7 axons resulted in their mistargeting to the R8 layer. Capricious is thought to exert its effects via homophilic afferent-target interactions. Further sup-port for the instructive role of Ç apricious comes from recent work on the R7-specific transcription factor NF-YC. R7 cells mutant for NF-YC mistargeted to the R8 layer and ectopically expressed Capricious. This activation of Capricious in the NF-YC mutant was shown to result from a derepression of the R8-specific transcription factor Senseless in R7 cells (Morey et al., 2008) . Senseless has previously been shown to regulate expression of the R8-specific opsins-Rh5 and Rh6. The same transcriptional program thus regulates expression of sensory receptors and targeting molecules.
Intriguingly, in contrast to R7 cells (see below), the processes of layer-specific targeting and tiling to a single column have not been genetically separable in R8. Thus, all the mutations identified so far that disrupt R8 layer-specific targeting also appear to result in R8 terminal tiling defects, suggesting that the two processes are intrinsically linked in R8 axons. Alternatively, the molecules that regulate layer-specific targeting of R8 axons could also independently function to tile R8 terminals.
R7 Targeting
A behavioral screen for R7-driven behaviors identified mutations in CadN that caused R7 axons to mistarget to the R8-recipient layer . Subsequent developmental analyses have demonstrated that CadN is required on both R7 axons and medulla target neurons at the early stage of targeting for R7 axons to reach their temporary layer and at the later stage for growth cone extension to the final recipient layer (Nern et al., 2005; Ting et al., 2005) . CadN thus mediates a permissive afferent-target interaction for layer-specific R7 targeting. In vertebrates, N-cadherin plays an important role in layerspecific targeting of retinal ganglion neurons in the chicken tectum (Inoue and Sanes, 1997) and in lamination in the zebra fish retina (Masai et al., 2003) . In flies, the CadN-mediated interaction appears to be solely adhesive in nature, because the cytoplasmic region of CadN, hence its signaling activity, is not required in R7s (Yonekura et al., 2006) .
Mutations in the receptor tyrosine phosphatase LAR also resulted in R7 axon mistargeting to the R8 recipient layer. However, LAR function appears to be required exclusively in the afferent growth cones at the second stage of R7 targeting Maurel-Zafran et al., 2001; Ting et al., 2005) . It is unclear though if LAR function is required for R7 axons to extend from their temporary layer or to maintain R7 termination in the recipient layer, the mutant phenotype is consistent with both possibilities. Subsequent genetic and biochemical studies indicated that LAR's phosphatase activity is largely dispensable in R7s. Instead, LAR functions through the scaffolding protein Liprin-a and the GEF Trio to modulate the actin cytoskeleton (Hofmeyer et al., 2006; Hofmeyer and Treisman, 2009) . In addition, a recent study has identified two related fly liprins, Liprin b and c that have distinct functions in R7 targeting: Liprin-b seems to act in parallel to Liprin-a to prevent R7 axons from overshooting their target M6 layer while Liprin-c, in contrast, competes with Liprin-a for binding to LAR, possibly negatively regulating LAR activity (Astigarraga et al., 2010) . In other systems including worms, vertebrates, and the Drosophila neuromuscular junction, LAR and Liprina have been implicated in the establishment of active zone during the early stage of synaptogenesis [reviewed in Stryker and Johnson (2007) ]. Although it remains poorly characterized, R7 synaptogensis might involve LAR and Liprin-a at the second stage of R7 target selection.
Many of the molecules that regulate layer-specific targeting of the R7 and R8 axons are widely expressed, yet appear to have specific roles in targeting. How might this be affected? One possibility is that these cell adhesion molecules are dynamically expressed on afferent growth cones and target dendrites in such a manner as to enable formation of stable contacts only at particular developmental times. Support for this temporal regulation hypothesis comes from work on the transcription factor Sequoia (Petrovich and Hummel, 2008) . Sequoia is required for both R7 and R8 targeting: R7 mutant axons stalled at the R8-recipient layer, and R8 mutant axons stalled at their temporary layer. Sequoia protein levels are dynamically regulated in R7 and R8 cellswith Sequoia protein levels shown to be rising sequentially in neighboring R8 and R7 cells, coincident with their axonal projections into the medulla. When the Sequoia expression level was constitutively maintained at a high level in R8 cells, R8 axons projected beyond the M3 recipient layer to terminate in the M6 layer, a switch that was dependent on CadN function. Significantly, however, CadN overexpression in R8 cells did not affect their layer-specific projections, suggesting that Sequoia has other targets in addition to CadN.
Early work suggested the importance of afferentafferent repulsive interactions in tiling of R7 axons to specific columns (Ashley and Katz, 1994) . Recent work has begun to delineate the molecular mechanisms of tiling and revealed a somewhat surprising role for autocrine signaling . R7 axons were shown to secrete the TGF-b ligand activin, which binds to its receptor Baboon, resulting in the phosphorylation of the transcriptional factor dSmad2. dSmad2 complexes with Importin-a3, and the complex is then transported from R7 growth cones into the nucleus by the Dynein-Dynactin motor. Disruptions in different components of this pathway caused R7 axons to wander aberrantly into neighboring columns, suggesting that the autocrine activin signaling reduces the motility of R7 growth cones. The downstream targets of dSmad2 that block R7 growth motility, however, have not been identified. Significantly, the penetrance of mutant phenotypes was enhanced by ablating neighboring R7 axons, suggesting that R7 axons deficient for activin signaling remained sensitive to repulsion from neighboring axons. Recent work suggests that the Ig superfamily protein Turtle might at least in part mediate this repulsion (Ferguson et al., 2009 ).
Lamina Neuron Targeting
The tools to specifically label lamina neuron afferents have only recently been generated-studies of the mechanisms of lamina neuron targeting are therefore still in their infancy. Recent work has implicated CadN in layer-specific termination of different lamina neuron classes and Dscam in tiling of one class of lamina neurons (Millard et al., 2007) .
CadN requirement in lamina neuron targeting was shown to be cell-type but not layer specific. Thus, while CadN function was required for correct layerspecific termination of L1, L3, and L4 axon terminals, and for extension of the interstitial branches of L5, it appeared to be dispensable for L2 targeting. Furthermore, CadN appears to act at different developmental stages in different classes of lamina neurons. Thus, while L3 axons require CadN function in the first quarter of pupal development to terminate in appropriate layers, L5 axons only require CadN in the last quarter of pupal development. Finally, while CadN is widely expressed in the medulla, CadN expression on one lamina neuron growth cone (L2) in one layer (M2) seemed to regulate the targeting of the process of another class of neurons (L5) to that layer . Taken together, these observations suggest that dynamic regulation of CadN expression is a key to the different functions of this widely expressed molecule.
A careful developmental analysis of the projections of L1 neurons into the medulla suggested that contact-mediated repulsion might mediate tiling of L1 axons to single columns and implicated Dscam2 as the effector of this process. Thus, wild-type L1 axonal processes appeared to overlap with processes from neighboring columns at mid-pupal stages and only retract into single columns by about 70% pupal development. Dscam2 mutant L1 axonal arbors in contrast failed to retract resulting in late pupal L1 axonal arbors that spanned several columns (Millard et al., 2007) . However, Dscam2 function was not required for the tiling of lamina neuron L2 or for the photoreceptors R7 and R8. Thus, while Dscams are attractive candidates to mediate contact-based repulsion, a Dscam-based code is unlikely to generally mediate tiling of afferent axons in the medulla.
CONCLUSIONS AND FUTURE DIRECTIONS
Over the last 10 years, drosophilists have used eyespecific mosaics to genetically dissect the process of visual circuit assembly. What insights into visual circuit assembly have we gained from this approach and what do the coming years have in store?
Perhaps, naively, one might expect afferent-target interactions to be largely mediated by molecules of restricted expression patterns that tag in-growing afferent and their specific target dendrites with unique identities. A few of the molecules identified in these mutational genetic screens (notably, Capricious) do appear to conform to this prototype in that their expression is restricted to afferents and their target layers, and they function in a classically instructive fashion. But, this appears to be more the exception than the rule-many of the molecules (notably CadN) identified through the genetic approaches appear to be broadly expressed in many classes of afferents and target layers and act in a permissive fashion to mediate targeting of different afferents at different stages. Dynamic regulation of expression level or activity in different cells might provide additional specificity. This notion is supported by the observations that Sequoia dynamically regulates CadN expression in R7 and R8 cells (Petrovich and Hummel, 2008) and that LAR modulates CadN activity in R1-R6 cells (Prakash et al., 2009) .
That most of the molecules identified in these genetic screens have turned out to be broadly expressed permissive molecules rather than specifically expressed instructive molecules might reflect as much on the nature of the screens as on the nature of the system. Thus, if afferents used multiple instructive molecules in a redundant fashion mutation in any one of them might not significantly disrupt targeting.
Indeed, recent work has revealed significant redundancy in wiring of the visual system. Thus, the related Ig superfamily proteins Dscam1 and 2 function redundantly in the lamina neurons L1 and L2 to mediate homotypic repulsion that ensures that each photoreceptor tetrad synapse in the lamina cartridge includes a single postsynaptic element from each of L1 and L2 (Millard et al., 2010) . However, redundancy is not restricted to members of a family of related proteins. Thus, activin-mediated autocrine signaling in individual R7 axons within a column appears to act partially redundantly with contactmediated repulsion between neighboring columns to tile R7 axons in the medulla. Furthermore, as recent careful work on the Liprin scaffolding proteins has demonstrated, growth cone motility is regulated by a balance of the activities of different molecules that can interact but also have independent functions (Prakash et al., 2009; Astigarraga et al., 2010) . Clearly, understanding how the activities of the different molecules identified in the genetic screens are integrated into regulatory networks that direct growth cone behavior is likely to be a focus of attention in the coming years. As these molecules and likely their mechanisms of action are evolutionarily conserved, these endeavors would be greatly assisted by studying the candidate molecules identified by in vitro studies in vertebrates.
Although there has been some progress in delineating the mechanisms of target selection in the lamina, our understanding of the cellular events underlying specific wiring in the medulla is still rather afferent-centric. Thus, as little is as yet known about the development of medulla neurons, the layerspecific targeting of afferents has been used as a surrogate for synaptic target specificity. Recent ultrastructural studies revealed that this approximation is poor at least for certain medulla afferents such as R8 and L3. As tools to specifically label developing medulla neurons and their synapses become available, we anticipate getting a clearer picture of how specific synaptic connections are established in the medulla.
